Comparing the population structure of Trypanosoma cruzi with that of other pathogens, including parasitic protozoa, fungi, bacteria and viruses, shows that the agent of Chagas disease shares typical traits with many other species, related to a predominant clonal evolution (PCE) pattern: statistically significant linkage disequilibrium, overrepresented multilocus genotypes, near-clades (genetic subdivisions somewhat blurred by occasional genetic exchange/hybridization) and "Russian doll" patterns (PCE is observed, not only at the level of the whole species, but also, within the near-clades). Moreover, T. cruzi population structure exhibits linkage with the diversity of several strongly selected genes, with gene expression profiles, and with some major phenotypic traits. We discuss the evolutionary significance of these results, and their implications in terms of applied research (molecular epidemiology/strain typing, analysis of genes of interest, vaccine and drug design, immunological diagnosis) and of experimental evolution. Lastly, we revisit the long-term debate of describing new species within the T. cruzi taxon.
The predominant clonal evolution (PCE) model of pathogens
The model will be recalled only briefly here, since it has been exposed at length in several recents articles (Tibayrenc and Ayala, 2012 , 2014a . PCE is not defined by any precise mating system or cytological mechanism, but only by strongly restrained genetic recombination * on an evolutionary scale. It therefore deals with population structure of the whole species in the long run only. This definition is accepted by most authors working on pathogen population genetics, including parasitic protozoa, fungi and bacteria (Tibayrenc and Ayala, 2012) and is well accepted in the T. cruzi literature Flores-López and Machado, 2011; Minning et al., 2011) . According to our definition, PCE includes, not only mitotic reproduction, but also selfing*/strong homogamy*, several cases of parthenogenesis* (Tibayrenc and Ayala, 1991, 2002) , and all cases of "unisex" (Feretzaki and Heitman, 2013) . PCE would group all means used by micropathogens to escape the "recombinational load" (disrupting favorable multilocus genotypes by genetic recombination) (Agrawal, 2006) .
Equating selfing/strong homogamy and many cases of parthenogenesis to clonality is not confined to microbiologists and extends to evolutionists working on higher organisms too (Avise, 2008) . Some authors, working on Leishmania (Rougeron et al., 2009) or on T. cruzi (Llewellyn et al., 2009a) recommend to distinguish selfing/homogamy from "strict" clonality (=mitotic propagation). This is a matter of definition. The problem deals with the means used for distinguishing selfing/homogamy from "strict" clonality.
The main consequences of PCE are: (i) statistically significant linkage disequilibrium, or nonrandom association of genotypes occuring at diffferent loci (LD); (ii) overrepresented multilocus genotypes (MLGs), which can be lacking if the mutation rate of the marker is high (all strains have different genotypes); (iii) the presence of "near-clades" (genetic subdivisions somewhat blurred by occasional genetic exchange/hybridization); "Russian doll" patterns (RDPs-PCE is observed, not only at the level of the whole species, but also, within the near-clades) .
We have coined the term "near-clade" (Tibayrenc and Ayala, 2012) because it can be suspected that virtually all micropathogen species undergo some bouts of recombination, including among different species. This makes the demands of a strict cladistic* analysis impossible. We have recommended to evidence the presence of near-clades with the tools of population genetics analysis (LD), then by a flexible phylogenetic approach relying on the "congruence principle" (Avise, 2004) . The use of more reliable information supports more and more the working hypothesis (here: the presence of near-clades). For example, in the case of MLST*, the phylogenies of individual genes may exhibit some discrepancies. However, the use of the whole set of genes evidences a strong phylogenetic signal (Lauthier et al., 2012) . Or different clustering/phylogenetic approaches, relying on different working hypotheses, give convergent results, which confirm the robustness of the branchings (Fig. 1 ). Or the phylogenies designed from different molecular markers corroborate each other Tibayrenc et al., 1993) . Identification of PCE relies on the concept of a "clonality threshold", beyond which the impact of clonal evolution overcomes that of recombination and leads to the inescapable evolutionary divergence of the near-clades. This concept of a "PCE border" makes it possible to replace vague and subjectives assertions ("substantial" recombination; de Paula Baptista et al., 2014; "Gross incongruences", "multiple introgressions": Messenger et al., 2012) with a clear-cut criterion. The alternative hypothesis to PCE is that recombination is abundant enough to erase the effects of clonal evolution in the long run. This corresponds to the "epidemic clonality" model (Maynard Smith et al., 1993) or "semiclonal model" (Maiden, 2006) .
Some important points of the model
-As recalled many times, the PCE model does not state that recombination is absent, but rather, that it is not frequent enough to break the prevalent PCE pattern. The model considers that recombination/hybridization could play a major role in pathogens' evolution, but only on an evolutionary scale. It does not state by any means that recombination is "inconsequential" (Ramírez and Llewellyn, 2014) or "of little consequence" ). -In a first step, PCE should be explored at the level of the entire species. The species concept, as we will see further, is a matter of debate in the case of micropathogens. However, the unit of analysis when PCE is explored should be the presently described species. It has been argued that "it makes little sense to address each parasite species as a whole", because these "genetic subdivisions (i.e.: the near-clades) act as reproductive barriers" (Ramírez and Llewellyn, 2014) . However, only the PCE approach is able to evidence the existence of reproductive barriers among the near-clades. Claiming that such reproductive barriers are self-evident (Ramírez and Llewellyn, 2014) is quite untrue. Evidencing them is the very goal of the PCE approach. -To explore PCE, sampling should be twofold: (i) in a classical population genetics strategy, it should be conducted in close sympatry* on very limited spans of time, in order to ascertain that the organism under study has actual opportunity for mating (de Meeûs et al., 2007) . However, it is extremely difficult to ascertain a strict sympatry when micropathogens are concerned. Even sampling at the level of individual hosts is not a guarantee for it. If different genotypes of the species concerned do not have the same tropism for different tissues of the host, they could have little opportunity for mating. (ii) Since the PCE pattern is definitely a "bird's eye view" of the overall genetic variability of the whole species in the long term, we recommend a global sampling of the entire species on its complete ecogeographical range, including all known hosts, and relying on retrospective studies to evaluate the stability of the PCE pattern. Retrospective studies can concern the analysis of ancient culture collections, or of ancient publications, or both. Such a sampling strategy makes it possible to ascertain that ubiquitous MLGs, near-clades and RDPs are stable in space and time, are specific properties of the species under study, and cannot be explained by a Wahlund effect* (Rougeron et al., 2015) . If inhibition of recombination were due to trivial physical obstacles (Wahlund), overrepresented MLGs, near-clades and RDPs would be strongly linked to space and/or time. -The PCE model predicts that different clonal genotypes, due to inhibition of recombination among them, will tend to accumulate divergent mutations, which could concern genes governing relevant phenotypes (virulence, resistance to drugs). This should be especially true when the evolutionary divergence among clones is high. However, the model does not predict that all phenotypes should be strictly linked to the clonal population structure. This should be only a general tendency, and could be not verified at microevolutionary levels, and when strongly selected phenotypes (drug resistance) are concerned. Such selected phenotypes are bound to emerge independently in distinct lineages. This is not an evidence for recombination in itself (Rougeron et al., 2015) , although it can be consistent with recombination events. Chloroquine resistance is observed in different Plasmodium species. This is not the result of genetic exchange between these different species, but only of a common selective pressure. -The clonet concept: Identical MLG is a relative notion, and is highly dependent on the resolution power/mutation rate/molecular clock* of the marker employed. A set of strains that appears as identical for a given marker could reveal genetic heterogeneity when a more discriminative marker is used. If PCE obtains, this set should be considered as a family of closely related clones, rather than a true clone. The term "clonet" has been coined by us to refer to those sets of strains that appear to be identical with a given set of genetic markers in a species that undergoes PCE (Tibayrenc et al., 1991a) . A typical example of clonet is the zymodeme* MON1 of Leishmania infantum. This MLEE* MLG is widespread in the ancient and new world. The use of a more discriminating marker (microsatellites) shows that MON1 is genetically heterogeneous Chargui et al., 2009) . One important point with the clonet concept is that the population genetic tests and phylogenetic analyses made on the basis of a given marker remain entirely valid when more discriminating markers evidence additional genetic variability by comparison with this marker. A given marker addresses a given level of resolution and evolutionary divergence and is better adapted for given studies. , 2012) . Left: neighbor-joining tree; right: split decomposition analysis. The two modes of analysis, which rely on different computing methods and different working hypotheses, show the same near-clading pattern. This is an indication that the clustering of the near-clades is robust, according to the congruence principle (Avise, 2004) .
PCE and Trypanosoma cruzi
T. cruzi is a paradigmatic case of PCE. It is actually the parasitic model used by us for long to design the PCE approach (Tibayrenc et al., 1981 (Tibayrenc et al., , 1986 , and to extend it later to various other pathogens (Tibayrenc et al., 1990 (Tibayrenc et al., , 1991a Tibayrenc and Ayala, 2012) .
Apart from our own studies, many data are available in the literature, back to the 70 s (the pioneering studies by Miles et al., 1977 Miles et al., , 1978 Miles et al., , 1981 , relying on various markers, which makes comparative and retrospective studies easy (Zingales et al., 2012) . Retrospective studies (ancient strain collections and publications) are highly relevant to evaluate the persistence of T. cruzi PCE features (widespread MLGs, near-clades, RDPs). Many of the ancient studies dealing with the population genetics and strain typing of T. cruzi and various other micropathogens rely on MLEE. It is remarkable that MLEE results as a rule have been fully confirmed by modern DNA markers. So ancient MLEE data, when properly interpreted, give a reliable basis for retrospective studies. Lastly, the analysis of paleo DNA (Araujo et al., 2008) constitutes a promising approach to evaluate the antiquity of T. cruzi population structure.
The PCE indices rely on many raw data sets that can be easily verified by anybody. They are as follows:
-LD: We do not consider LD and PCE as "synonymous" (Rougeron et al., 2015) . However, we and many authors working on micropathogen population genetics (Tibayrenc and Ayala, 2012) consider LD as a valid circumstantial evidence for clonal evolution, as long as the bias due to Wahlund effect is excluded. LD in T. cruzi is observed: (i) among MLEE loci (Tibayrenc et al., 1981 (Tibayrenc et al., , 1986 ); (ii) among different markers ("test g" of LD; Tibayrenc et al., 1990) : between MLEE and RAPD* (Tibayrenc et al., 1993; Brisse et al., 2000) ; between microsatellites and ribosomal DNA restriction fragment length polymorphism (Oliveira et al., 1998) ; between MLST*, MLEE and RAPD (Lauthier et al., 2012) ; between microsatellites and the sequence of the Gpi gene . LD in T. cruzi is not limited to classical markers, and is observed between genetic markers and copy number variants (Minning et al., 2011) ; microsatellites and DNA content ; between MLEE and RAPD on one hand, 12 antigen genes (which are under strong selection) on the other hand (Rozas et al., 2007) ; between classical markers ad the cruzipain antigen gene (which is under strong selection too) (Lima et al., 2012) . Lastly, a statistical association is observed between the variability revealed by molecular markers and the polymorphism of expressed genes (Telleria et al., 2004 (Telleria et al., , 2010 (Telleria et al., , 2013 ). -Overrepresented, widespread genotypes: we have called them:
"major clones" (Tibayrenc and Brenière, 1988) . This is the case for example of the MLEE MLGs n • 19, 20, 32 and 39 in Tibayrenc et al. (1986) , which have been observed in diverse countries, years apart. For example; MLG 19 has been sampled in Brazil, Venezuela, Colombia, Bolivia, in Chagasic patients, as well as in various mammalian hosts and triatomine bug species, from 1977 to 1983. With more discriminating MLEE typing, ubiquitous MLGs still are observed. One MLG repeated 31 times has been observed in four different countries . The remarks made about the clonet concept (see above) should be recalled here. MLEE reveals ubiquitous MLGs. However, when more discriminating markers (microsatellites) are used, each strain may have a different genotype, due to the fast mutation rate of this marker (Oliveira et al., 1998 ). -Near-clades. The near-clade concept (Tibayrenc and Ayala, 2012) gives a clear evolutionary definition to the descriptive term DTU* (discrete typing unit) coined by us (Tibayrenc, 1998) . On the basis of both MLEE and RAPD typing, it has been proposed that T. cruzi is subdivided into 6 discrete genetic lineages, or DTUs Brisse et al., 2000) . T. cruzi DTUs perfectly fit the definition of near-clades: well-individualized genetic lineages that are somewhat blurred up by occasional genetic exchange and/or hybridization. Hybridization events have been described since long in T. cruzi (Machado and Ayala, 2001; Brisse et al., 2003) , although their precise evolutionary history still is a matter of debate (de Freitas et al., 2006; Ferreira and Briones, 2012; Subileau et al., 2009; Westenberger et al., 2005 Westenberger et al., , 2006 . The classification into 6 DTU/near-clades has been recently validated by a panel of international experts (Zingales et al., 2012) . To a certain extent, T. cruzi near-clades correspond to the "principal zymodemes" early described by Miles et al. (1977 Miles et al. ( , 1978 . This illustrates their permanency in time. T. cruzi near-clades have been corroborated by: (i) MLEE, RAPD ; (ii) MLST (Lauthier et al., 2012 ; see Fig. 1 ); (iii) fluorescent fragment length barcoding (Hamilton et al., 2011) ; (iv) microsatellites, 3 mitochondrial genes and the 24S␣ rRNA gene (de Freitas et al., 2006) ; (v) the SSU rDNA, Cytochrome B, Histone 2B genes, ITS1rDNA genotyping, RAPD (5 primers) and PFGE* (Marcili et al., 2009 ); (vi) the sequences of 32 genes (Flores-López and Machado, 2011) . All T. cruzi near-clades are stable in time and widespread, although their geographical distribution is not the same Zingales et al., 2012) . Although the precise history of hybridization still is questioned (see above), it is considered that near-clades V and VI have a hybrid origin. -An additional near-clade, named "TC-Bat" (for it has been isolated from bats only until now) has been recently described. It has been recorded in Brazil and Panama years apart, in different species of bats (Marcili et al., 2009; Pinto et al., 2012) . This is a striking illustration of the stability in space and time of the near-clades. -Russian doll patterns (RDPs). It is frequently inferred that genetic exchange is inhibited among the genetic clusters (=near-clades) that subdivide a species, but not within each of them . When exploring this hypothesis, it is important to be conscious that a lower evolutionary scale is under study. The molecular markers used at the level of the whole species may lack resolution at such lesser levels. This, together with the fact that the sample size is generally much lowered when considering the near-clades separately, increases by far the risk of statistical type II error (impossibility to reject the null hypothesis of random genetic exchange, not because it is verified, but because the test lacks power). This bias being discarded, contrary to what has been recently stated (Ramírez and Llewellyn, 2014) , RDP evidence is abundant in T. cruzi, as well as in other parasites (Leishmania, Giardia). The near-clade "TC I" (Zingales et al., 2012) has never been considered "homogeneous" . On the contrary, MLEE as well as RAPD studies have always shown that it exhibits a high variability (Tibayrenc et al., 1993; Barnabé et al., 2000; Brisse et al., 2000) . However, until recently, it had been not possible to evidence LD and a clear structuring within it (RDP). This is now done, thanks to the availability of more discriminating markers and ampler samplings. Geographical distance has an obvious role in the distribution of TCI genetic structuring (Llewellyn et al., 2009b) . However, it cannot account for the data cited thereafter. Within TCI selvatic strains, strong LD evidences "widespread clonality, infrequent recombination" . Contrary to what Ramírez et al. (2013b) state, within Colombian TCI strains, there is LD too. As a matter of fact, the p values for the LD test and the Ia index of association (another LD test) are 4 × 10 −4 and 0.037, respectively (Ramírez et al., 2013a,b) . As noted by Tomasini et al. (2014) , this is evidence for LD, and not for the opposite, as wrongly concluded by Ramírez et al. (2013a,b) . Moreover, absence of LD would be inconsistent with the presence of 2 genetic subdivisions, clearly corroborated by bootstrap analysis, within this sample. This last result is evidence for RDP. As a matter of fact, not only TCI does exhibit LD, but it is also subdivided into lesser near-clades that are widespread throughout different countries and exhibit host specificities (Fig. 2 ; Guhl and Ramírez, 2011; Herrera et al., 2007) . TCI lesser near-clades have been corroborated by various markers, including the Cytochrome b gene sequence (a mitochondrial gene) and the mini-exon gene , PCR-RFLP of 5 coding regions , mini-exon and MLST (Tomasini et al., 2011 (Tomasini et al., , 2014 . -Population genetics within other T. cruzi near-clades has been less explored. However, in the near-clade TCIII, a strongly significant (p < 0.001) LD (measured using the Index of Association (IA)) was Fig. 1 ) (after Guhl and Ramírez, 2011) . The lesser near-clades are widespread and occur sympatrically, which is an evidence of a "Russian doll Pattern" .
detected in all populations except one, where only marginal significance was observed (p = 0.032) (Llewellyn et al., 2009a) . This supports the hypothesis that TCIII exhibits also a RDP. -Indices of frequent recombination within near-clades? A lack of congruence between mitochondrial and nuclear phylogenies indicates at best limited introgression, as it can be observed even between different biological species. The null hypothesis of the RDP model is not occasional bouts of genetic exchange, which is consistent with PCE. It is random or quasi-random recombination, as it can be observed in human populations for example. In humans, the only obstacles to genetic exchange are geographical or cultural ones (quasirandom recombination). TCI populations isolated from selvatic triatomine bugs in Bolivia show data that are compatible with such frequent genetic exchange. However, according to the authors themselves, these data are prone to type II error and should be corroborated by stronger sampling . A survey in Ecuador (Ocaña-Mayorga et al., 2010) is consistent with recombination in a small TCI subpopulation. However, as we have shown , (i) the "domestic" subpopulation is poorly defined (33% of selvatic strains are included in it, while the "selvatic" clade comprises 12% of domestic strains); (ii) the risk of type II error is high, due to very limited sampling (only 12 truly "domestic" strains). Additionally, the "selvatic" subpopulation exhibits strong LD and clonality, which fits a RDP. de Paula Baptista et al. (2014) have proposed that Brazilian strains of the TCII near-clade undergo substantial recombination. However, this study is based also on limited sampling and is subject to type II error. Moreover, there is a strong contradiction between the hypothesis of substantial recombination (with lack of LD) and the evidence for clear structuration of these populations, even in sympatry, as shown by STRUCTURE analysis. In conclusion: it is quite possible that some populations within T. cruzi near-clades undergo frequent recombination. However, the limited evidence presently available obviously has to be completed by far more extensive studies. On the contrary, the evidence above exposed for RDPs is robust.
From the results above exposed, it is hardly questionable that T. cruzi at the level of the whole species undergoes PCE. Moreover, when enough data are available, it is apparent that PCE operates also within the near-clades (RDP). Genetic recombination/hybridization in the agent of Chagas disease has probably an important impact at an evolutionary scale. However, it is unable to counter the effects of clonal evolution in the long run ("clonality threshold") and to prevent the evolutionary divergence of the nearclades. When looking for recombination in a given species amounts to "searching for a needle in a haystack" (Ramírez and Llewellyn, 2014) , it does show that recombination is strongly restrained, in other words, that the PCE model is corroborated. When it is not, like in the highly recombining bacterium Helicobacter pylori, one finds easily clear indications for recombination without searching a haystack.
In the framework of PCE, it is quite possible that local populations of genetically related strains undergo more genetic exchange than clonal propagation Ocaña-Mayorga et al., 2010; de Paula Baptista et al., 2014) . However, this has to be better explored on more extensive samples. It is possible that in T. cruzi, recombination is less restrained among identical genotypes (=selfing) or similar genotypes (tending to selfing) than among more distantly related genotypes. This happens in bacteria, where recombination is more frequent among "sister cells" than among cells that have radically different genotypes (Caugant and Maiden, 2009 ). This leads to "invisible sex" (Balloux, 2010) and is explained by the fact that the higher the genetic divergence, the more the restriction systems are different (Caugant and Maiden, 2009 ). Moreover, local introgressions of mitochondrial genomes are quite possible in T. cruzi (Messenger et al., 2012; Ramírez et al., 2012) . All this does not challenge the PCE model. As exposed earlier, the alternative hypothesis to PCE is that recombination is abundant enough to overcome the effects of clonal evolution in the long run.
Lastly, restrained recombination in T. cruzi cannot be attributed to a lack of opportunity for mating. As a matter of fact, multiclonal infections in the same host, either vectors or chagasic patients (Brenière et al., 1985) are very frequent.
Aneuploidy and the selfing/homogamy debate
We recall here that selfing/homogamy is included in our PCE concept, a view shared by many, if not most, specialists of pathogen population genetics (Tibayrenc and Ayala, 2012) as well as by evolutionist working on metazoa undergoing uniparental reproduction (Avise, 2008) . However, other scientists recommend distinguishing selfing/homogamy from "strict" (=mitotic) clonality (Rougeron et al., 2009 (Rougeron et al., , 2015 . When the macroevolution scale recommended by the PCE approach is considered, the distinction in terms of population structure has limited relevance, since both "strict" clonality and selfing/homogamy lead to restrained recombination and LD. Now selfing as a mode of restrained recombination has the evolutionary advantage of permitting DNA repair, which is not the case of a strictly mitotic mode of propagation. If one wants to distinguish selfing from "strict" clonality, the problem lies on the way to do it. When bacteria are considered, since they are haploid, selfing, which is certainly very frequent in these pathogens (Maiden, 2008; Caugant and Maiden, 2009) , is impossible to distinguish from mitotic propagation ("invisible sex"; Balloux, 2010) . When protozoa are concerned, the evidence proposed for selfing relies on heterozygote deficit (Rougeron et al., 2009 ). However, apart from selfing, many phenomena could cause heterozygote deficit, such as null alleles, allelic drop-out, homoplasy (a strong concern in the case of microsatellites) (Alam et al., 2009; Lehmann et al., 2004 , Pearson et al., 2009 , and genome-wide mitotic gene conversion (Llewellyn et al., 2009a . Experiments in the strictly asexual species Daphnia pulex have shown that a loss of heterozygosity by mitotic recombination is 1000 times more frequent than an accumulation of divergent mutations (Omilian et al., 2006) . The probability of the possible causes of heterozygote deficit should not be evaluated separately (Rougeron et al., 2009 ), since they are not mutually exclusive. Moreover, heterozygote deficit inferred from microsatellite analysis clashes with SNP* data for Leishmania mexicana and L. braziliensis (Rogers et al., 2011) and T. cruzi , where an excess of heterozygotes is recorded. However, selfing should cause a heterozygote deficit for all loci, including the ones involved in SNPs. The main problem with the way to explore heterozygote deficit is that all tests proposed for it (de Meeûs et al., 2007) are based on the hypothesis that the organism under survey is diploid*. Now strong convergent results suggest that Leishmania undergoes widespread aneuploidy (Downing et al., 2011; Lachaud et al., 2014; Mannaert et al., 2012; Rogers et al., 2011; Sterkers et al., 2011 Sterkers et al., , 2012 Sterkers et al., , 2014 , which renders the tests invalid, and at the same time, is an explanation for apparent heterozygote deficit. As a matter of fact, widespread aneuploidy should cause a rapid elimination of heterozygosity by frequent passage through a haploid state (Sterkers et al., 2012) . This should happen even if aneuploidy is transitory in Leishmania, as proposed by Rougeron et al. (2015) . The evidence for aneuploidy in T. cruzi still is more limited than for Leishmania, although progress is rapid (Minning et al., 2011; Souza et al., 2011) . When population genetic data are concerned, contrary to what has been claimed (Ramírez et al., 2013a) , in a survey dealing with more than 200 cloned stocks from the same host, in mammals from Venezuela and Bolivia, "multiple aneuploid clones were isolated across those infrapopulations studied" . It has been proposed that microsatellite data do not suggest aneuploidy in Leishmania (Rougeron et al., 2015) . However, Lachaud et al. (2014) disagree with this statement. The conclusion of all this is that selfing in Leishmania and T. cruzi is a reasonable hypothesis. However, the tests proposed to explore it may not be reliable. As stated by Ramírez et al. (2012) : "In general, we urge caution in the interpretation of heterozygosity statistics at STR loci in the context of parasite sexuality, especially given that strong evidence for linkage disequilibrium often accompanies both negative and positive values for FIS". Such difficulties in evidencing selfing in parasitic protozoa give additional ground to our proposal of including it in the PCE model.
It should be noted that LD tests do not suffer from this problem. As a matter of fact, they can be practiced whatever be the ploidy of the organism under study, and even, when this ploidy level is not known (Tibayrenc et al., 1990) .
Evolutionary features that could mimic recombination
Recombination can be confounded with several evolutionary features. They include: (i) homoplasy; (ii) lack of phylogenetic signal; (iii) natural selection; (iv) different molecular clocks; (v) long branch attraction; (vi) different modes of inheritance.
Homoplasy is a concern for many, if not most, molecular markers. Microsatellites are considered as especially prone to it (Alam et al., 2009; Lehmann et al., 2004; Pearson et al., 2009 ). This could lead to overestimate both recombination and heterozygote deficit.
Lack of phylogenetic signal: if the population is close to genetic monomorphism, or if the molecular marker has too low a resolution power, it is impossible to evidence LD and the presence of near-clades. This should not be taken as evidence for recombination. A lack of phylogenetic signal could be due also to a saturation of the molecular marker. As an example, microsatellites are not adapted to survey higher levels of evolutionary divergence, since their molecular clock is too fast. MLSTs and MLEE could reveal a strong phylogenetic signal where microsatellites cannot.
Natural selection is difficult to distinguish from recombination (Didelot and Maiden, 2010) . Strongly selected characters, such as drug resistance, should be especially prone to this bias. Resistance to the same antibiotics can be present in different bacterial lines, and even in different species. This can be the result of genetic exchange, but it is also easily explained by an identical selective pressure. Such convergent selected characters should be therefore considered as evidence for recombination only carefully (Rougeron et al., 2015) .
Differences in molecular clocks could lead to discrepancies between trees designed from different genes. In Giardia duodenalis, Wielinga and Thompson (2007) have attributed the discrepancies observed among trees built from different genes to both homoplasy and molecular clock differences, not to recombination. Similarly, in the case of the SARS coronavirus, phylogenetic incongruence among trees has been attributed to different molecular clocks (Moya et al., 2004) .
Long branch attraction: analyzing the phylogeny of the SARS coronavirus, Yip et al. (2009) have recommended to not confound recombination with both homoplasy and long branch attraction.
Markers that have a different mode of inheritance will exhibit different evolutionary patterns. For example, in humans, the population structures inferred from autosomal genes, mitochondrial genes and Y chromosome genes, respectively, are quite different (Zoossmann-Diskin, 2010). In T. cruzi, experimental mating has shown that nuclear genes are inherited from both parental cells, while the kinetoplast is inherited from only one parental cell (Gaunt et al., 2003) . In the framework of the PCE model, in case of occasional bouts of genetic exchange, this phenomenon is bound to maximize the discrepancies between mitochondrial and nuclear phylogenies.
Lastly, these different phenomena are not exclusive of each other and could combine their effects. In the case of T. cruzi, microsatellites are subject to homoplasy. They have a fast molecular clock, they are explored at the level of the nucleus, whose inheritance is biparental, and they are considered as selectively neutral. Mitochondrial maxicircle genes correspond to coding sequences, which are subject to natural selection. They have a slower molecular clock than microsatellites, and their mode of inheritance is uniparental. So, although the discrepancies between microsatellite and mitochondrial gene phylogenies are consistent with recombination , alternative explanations are possible.
A brief comparison with other micropathogens
We have performed a compared population genetic approach dealing with viruses (22 species and categories), bacteria (43 species), parasitic protozoa (30 species) and fungi (13 species) (Tibayrenc and Ayala, 2012 and in preparation) . This shows that T. cruzi population structure is not unique and, on the contrary, is very similar to that of many major pathogen species. Each species exhibits specific traits. However, the common denominator among many of them is strong, and suggests the existence of common evolutionary strategies, which could be either ancestral or the result of convergence.
Well-established T. cruzi "siblings" in terms of population structure are the species for which the PCE features (LD, widespread MLGs, near-clades and RDPs) have been recorded. It is assumed that these species have crossed the "clonality threshold" beyond which the impact of clonal evolution will overcome the effects of recombination. Such species include: (i) parasitic protozoa: the Leishmania infantum complex , Giardia duodenalis, (Tibayrenc and Ayala, 2014b) , Toxoplasma gondii (Tibayrenc and Ayala, 2014a); (ii) fungi: Candida albicans, the Cryptococcus neoformans complex; (iii) bacteria: Escherichia coli, Mycobacterium tuberculosis, Neisseria meningitidis, Staphylococcus aureus. Many other species exhibit clonality traits, but the PCE pattern is not complete, either because these species undergo more recombination, or because the studies are less advanced than for the species above listed, or both. When parasitic protozoa are concerned, such examples include: Leishmania braziliensis/peruviana, the Trypanosoma brucei complex, T. congolense, Cryptosporidium spp.
Plasmodium falciparum and P. vivax constitute distinctive cases. Since P. falciparum undergoes meiosis in the vector, it has been long assumed that the agent of the most malignant form of malaria was a panmictic* organism. Our cautious proposal that "uniparental and biparental lineages could coexist within this species", based on the observation of departures from panmixia in some populations (Tibayrenc et al., 1990) , had been rejected but it was subsequently confirmed (Anderson et al., 2000) . Many P. falciparum and P. vivax populations exhibit clonality traits. Selfing is probably at the origin of them. However, the hypothesis that selfing is strictly correlated to the level of transmission is at odds with many data (Tibayrenc and Ayala, 2014a) . This is epidemiologically relevant, since LD and the degree of clonality in P. falciparum cannot be taken as an indication for the transmission rate (Tibayrenc and Ayala, 2014a) , as it had been proposed (Volkman et al., 2012) . Now P. falciparum and P. vivax definitely do not fit the PCE model. Clonality traits (LD, widespread MLGs and near-clades) that are observed in these species are labile and change over time, due to frequent genetic recombination. Still the fact remains that clonal propagation introduces a major stratification effect in P. falciparum and P. vivax natural populations, that should be taken into account in studies dealing with malaria epidemiology, drug resistance and the analysis of genes of interest.
When considering the various species that fit the PCE model, two facts should be underlined: (i) for several of them, PCE was not expected. Neisseria meningitidis was considered a "highly recombining" bacterium (Maiden, 2008) . However, widespread MLGs and near-clades in this species are extremely stable, as verified by retrospective studies. Moreover, whole genome sequencing has revealed the existence of deep phylogenies (Budroni et al., 2011) , which is incompatible with the "epidemic clonality model" (occasional bouts of clonal propagation in an otherwise recombining species; Maynard Smith et al., 1993) . Toxoplasma gondii constitutes another unexpected case of PCE, since this parasite undergoes meiosis in the mammalian host. We have proposed that T. gondii undergoes frequent, and possibly predominant clonal evolution (Tibayrenc et al., 1991a,b) . This has been fully confirmed by further studies (Sibley and Boothroyd, 1992) . High resolution typing with many different markers (Su et al., 2012) has shown the existence of deep phylogenies, with 6 major "clades" (=near-clades), which definitely includes T. gondii in the PCE model (Tibayrenc and Ayala, 2014a) . (ii) The species listed pertain to phylogenetically highly diverse categories (bacteria, fungi, and parasitic protozoa), and exhibit various host ranges, modes of transmission (air-, vector-, food-and water-borne) and tissue tropisms. This strongly suggests that PCE represents a common evolutionary strategy of many pathogens, probably linked to parasitism.
Experimental mating, meiosis genes and PCE
The seminal work by Gaunt et al. (2003) has demonstrated that the potential for recombination is present in T. cruzi. However, these experiments dealt only with related strains pertaining to the nearclade TCI. It remains to be established whether mating can also be obtained between strains pertaining to different near-clades. More important: these experiments provide no indication about the frequency of genetic exchange in natural populations, which matters when population structure is concerned. Successful mating experiments cannot therefore be used to challenge the PCE model.
Genes homologous to meiosis genes are observed in many micropathogen species, including T. cruzi (El-Sayed et al., 2005) . However, this does not imply that T. cruzi undergoes meiosis (Ramírez and Llewellyn, 2014) , and if it did, the presence of these genes does not give indications about the frequency of it. Moreover, genes analogous to meiosis genes may have acquired totally different functions through evolution. "Evolution is constantly re-using old genes for new purposes" (Birky, 2009) . We have suggested that, in micropathogens undergoing PCE, the meiosis kit could actually correspond to a "sexuality/clonality machinery that could allow micropathogens to use either one or the other mode of propagation when facing different evolutionary challenges (Tibayrenc and Ayala, 2012) . In conclusion: like for mating experiments, the presence of genes homologous to meiosis genes is therefore not evidence against the PE model.
The PCE model and the problem of pathogen species definition
Defining species in micropathogens has been always a challenge, since the mixiological species concept (Dobzhansky, 1937) , which addresses only organisms with obligatory mating, cannot be applied to them. Moreover, the phylogenetic species concept (Cracraft, 1983 ) is difficult to apply, since it is most probable that some genetic exchange always occurs in micropathogens natural populations, even between different species. The near-clade concept, which relaxes the cladistic demands, makes it possible to revisit the phylogenetic species concept for micropathogens (Tibayrenc and Ayala, 2014b) . Two situations occur. The first case is when presently described species can be equated to near-clades in an evolutionary point of view. Many, if not most, Leishmania species are in this case. As a matter of fact, in general, they are clearly discriminated by molecular markers. However, hybridizations are frequent among them. Actually, many Leishmania species are perfectly equivalent to T. cruzi near-clades from an evolutionary point of view. The second case is when presently observed near-clades have not been described as Linnean species yet. This is the case for the Giardia duodenalis "assemblages" (=near-clades) (Tibayrenc and Ayala, 2014b) . T. cruzi near-clades could constitute the basis for splitting the agent of Chagas disease into several species. We do not recommend it for several reasons. First, the inventory of T. cruzi genetic diversity could still evidence new features and unknown near-clades. Second, the advent of whole genome sequencing could lead to reconsider the presently accepted near-clade classification (Zingales et al., 2012) . Third, the epidemiological and pathological specificity of T. cruzi near-clades is not clear-cut. The Chagas disease scientific community will decide whether the description of these new species is desirable. The near-clade concept may constitute a necessary, but not sufficient, criterion for it. Since near-clading is widespread among micropathogens, it would be misleading to equate all of them to Linnean species. This should be done only when a given near-clade exhibits strong phenotypic specificities dealing with relevant characters (host range, drug resistance, pathogenicity for example).
The PCE model and applied research
The PCE model provides applied research with relevant units of analysis that are based on simple concepts, and are sharply defined. Their stability in space and time has been fully ascertained by retrospective studies, as well as by population genetics and phylogenetic analysis. Clonal MLGs (clonets) can be used for epidemiological tracking. To characterize them, markers with different mutation rates and level of resolution can be selected according to the study concerned: microsatellites for microepidemiology, MLST and whole genome sequencing plus SNPs (when these two last tools become more accessible) for epidemiological surveys at broader scales. Near-clades and their subdivisions (RDPs) can, and should be used as units of analysis for epidemiological tracking, drug design (Zingales et al., 2014) , clinical studies and experimental evolution. Taking the near-clades as units of analysis, we have conducted long-term experimental evolution studies, which have shown that many phenotypic characters (including drug sensitivity, virulence in mice and cell infectivity), as well as gene expression patterns, were linked to the near-clades (Revollo et al., 1998; Telleria et al., 2004 Telleria et al., , 2010 Telleria et al., , 2013 .
A major application of the PCE model for strain typing/molecular epidemiology is indirect typing, which is a remarkable property of LD. Since all genes are linked together ("block of genes"), the near-clades can be identified by only one or two markers ("tags"; Tibayrenc, 1998) . Several RAPD and isoenzyme tags have been identified for the 6 near-clades, including near-clade TCI, . By the amplification of a unique gene (TcSC5D), Cosentino and Agüero (2012) were able to identify the T. cruzi near-clades I, II, II, IV, V + VI, TC-Bat, and the subspecies T. cruzi marinkellei. We recommend this "phylogenetic character mapping" (PCM) approach (Avise, 2004) . A convenient population genetics framework is first designed through the PCE approach. Once the relevant units of analysis (near-clades) are clearly identified, phenotypes of interest (drug resistance, virulence) are mapped onto this framework. This makes it possible to see the links between the overall evolution of the organism under study and its phenotypes, and at the same time, to show the specific phenotypic properties of the near-clades.
Conclusion
Due to the dynamism of many research groups throughout the world, with a major contribution from Latin American teams, the intraspecific genetic variability of T. cruzi is probably one of the best known among micropathogens. The agent of Chagas disease could be considered a star model for evolution, like Drosophila melanogaster, Mus musculus, Caenorabditis elegans and Escherichia coli.
The PCE model, which has been elucidated and enriched by wide surveys dealing with many pathogens (Tibayrenc and Ayala, 2012) , sets in perspective the particular case of T. cruzi population genetics. It shows that T. cruzi shares many features with other major pathogens, including parasitic protozoa, fungi and bacteria.
Promising avenues of evolutionary research are represented by experimental mating (less advanced for T. cruzi than for T. brucei), within near-clade population genetics, experimental evolution, and the development of more powerful tools of analysis (whole genome sequencing, SNP analysis). These tools constitute a challenge for analysis, since the computing power required for treating these data is huge. However, the use of these tools becomes routine for viruses and bacteria, and should be more and more accessible when parasitic protozoa are concerned, making it possible to develop a population genomics of these pathogens.
